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ABSTRACT: An extensive study on doping of two-dimen-
sional (2D) hexagonal boron phosphide (h-BP) which is a
direct band gap semiconductor was performed by using ab
initio methods based on spin-polarized density functional
theory. The interaction of group III−IV−V elements with h-
BP is explored, considering both adsorption and substitution
cases, and the resulting structural and electronic properties are
examined. The variation of adsorption (substitution) energies
and band gap values are systematically analyzed and trends are
identified. Upon adsorption, the most of the elements bound
on top of P atom forming dumbbell geometry which generates
characteristic spin-polarized impurity states. The substitution
of B or P by group III−IV−V elements can produce extra
electrons/holes which lead to n-type and p-type doping for adequate cases. Additionally, doping can further generate impurity
resonant states. Functionalization of h-BP with adatoms can tune the electronic structure and would be useful for nanoelectronic
applications in low-dimensions.
■ INTRODUCTION
Graphene has been the prominent two-dimensional (2D)
material investigated in many theoretical and experimental
studies owing to its remarkable properties such as massless
Dirac Fermion-like charge carriers and half-integer quantum
Hall effect.1 While graphene is attributed as a promising
candidate for many nanoelectronic applications because of its
high conductivity and high carrier mobility (105 cm2 V−1 s−1),2
the undesired on/off ratio with the lack of a fundamental band
gap limits its applications in electronic devices. To find the
counterpart of graphene in 2D structures with the desired
electronic properties based on single elements and compounds
has encouraged an active research field. The motivation has led
to realize new 2D materials3 including monoelement 2D
systems (silicene,4−6 germanene,7 stanene,8 phospherene,9
etc.), transition-metal dichalcogenides,10−12 and transition
metal carbide and carbon nitride based MXenes.13 Additionally,
many other 2D systems including hexagonal group V14−17 and
group II−VI,18,19 III−V,18 III−VI,20−22 and group IV−IV,18
IV−VI23 compounds have been predicted theoretically, and
some of them have already been synthesized.
Among these 2D systems, MoS2 and phospherene have taken
more attraction in the field of nanoelectronics because of their
direct band gaps (1.8 and 2.0 eV).24−26 However, transistor
applications of these semiconductors show that their carrier
mobilities are not suitable enough for electronic and
optoelectronic device manufacturing.27,28 The need to find
alternative 2D semiconductors with a direct and narrow band
gap drive the interest to other systems such as III−V
compounds. Following the successful epitaxial growth of few-
layered AlN nanosheets on Ag(111) surface29 and monolayer
GaN via a migration-enhanced encapsulated growth technique
utilizing epitaxial graphene,30 monolayer boron−phosphide (h-
BP) with its theoretical 0.9−1.36 eV direct band gap31 is
referred to be a potential candidate for advancing 2D devices.26
Particularly, 2D materials with narrow band gaps can be used in
field effect transistor (FET) applications at nanoscale,32
thermoelectric applications,33 and also nanoelectronic devices
operated at near and far-infrared (IR) spectrum.34
Even not yet synthesized, h-BP has been predicted
theoretically and ab initio studies suggest that it has stable,
planar, hexagonal monolayer structure.18,35,36 Monolayer
boron−pnictogens (BP, BAs, and BSb) also show superior
carrier mobilities (over 104 cm2 V−1 s−1) which is particularly
comparable with high mobility of graphene.26 Additionally
Çakır et al. showed that n- and p-doped h-BP can serve as an
ideal 2D p−n junction.36 All these progressions have clearly
showed that monolayer h-BP is a potential competitor in 2D
materials beyond graphene. However, for electronic device
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applications at nanoscale, controlling and modifying electronic
properties has upmost importance.
Monolayer semiconductors can also be functionalized by
doping which can significantly alter the electronic properties.
Recently, it is shown that arsenene37 and antimonene38
allotropes can chemically absorb different elements and their
electronic structures are substantially modified. Adsorption of
adatoms can also change the local atomic configuration of the
host system depending on their binding sites. For instance,
group IV atoms adsorbed on silicene, germanene, and stanene
can exothermically form dumbbell (DB) structures leading to
new electronic properties depending on the type of the
adatom.39
In the present work, we performed an extensive study on
interactions of adatoms with h-BP by using first-principle
techniques. The alteration of structural and electronic proper-
ties are explored with doping (adsorption and substitution)
considering group III (B, Al, Ga, and In), group IV (C, Si, Ge,
and Sn), and group V (N, P, As, and Sb) elements. To
determine the ground state configurations, we examined all the
possible sites for adsorption and substitution. It is found that
the most favorable binding site for adsorption is on top of P
atom except for Al, Ga, and In. This bonding results in DB
formation which generates spin-polarized impurity states. The
variation of adsorption (substitution) energies and band gap
values is systematically analyzed and trends are correlated with
relevant parameters including electronegativity, bonding
distance, and radius of atoms. The resulting electronic
structures upon doping show wide variety of electronic and
magnetic properties differing from pristine h-BP which would
be useful for highly desired nanoscale electronic and optical
applications.
■ COMPUTATIONAL DETAILS
We have carried out first-principles calculations based on spin-
polarized density functional theory (DFT)40,41 by using the
Vienna ab initio simulation package (VASP).42 Projector
augmented-wave potentials (PAW) are used to define the
considered elements and the exchange-correlation is approxi-
mated with Perdew−Burke−Ernzerhof (PBE) functional in
generalized gradient approximation (GGA).43 van der Waals
(vdW) interactions are found to have an importance in
determining the stability and correcting the formation energies
of impurities in semiconductors.44 To better determine the
adsorption and substitution energies of dopants, we include
vdW corrections using Grimme method (DFT-D2).45 A plane
wave basis set is chosen with a kinetic energy cutoff of 500 eV.
The atomic positions are optimized using conjugate gradient
method in consecutive steps of energy and force minimizations.
The energy convergence is ensured with 10−5 eV tolerance and
a maximum force of 0.002 eV/Å is allowed on each atom. We
also apply Heyd−Scuseria−Ernzerhorf (HSE06) hybrid func-
tionals46 for the corrected electronic structure. The HSE06
functional is constructed by mixing 25% of the Fock exchange
with 75% of the PBE exchange and 100% of the PBE
correlation. The HSE06 functional has proved to be a
successful method to estimate the band gaps of 2D semi-
conductors.14,32,47,48
When the dopant is introduced in the vicinity of a bare h-BP,
two possible cases can be considered: adsorption of the adatom
at an available site on the surface and substitution of B or P
atoms with the dopant. Both of the cases are modeled using a
supercell that is constructed with n × n primitive cells (see
Figure 1). We consider supercells from n = 1 to n = 7 and select
a 5 × 5 supercell which is suitable to obtain impurity states with
minute interactions of adatoms at periodic images. In our tests,
we find that the highest difference in binding energy of the
selected cases are below 50 meV between 5 × 5 and 6 × 6
supercells. The Brillouin zone (BZ) is sampled with the
Monkhorst−Pack scheme49 with 5 × 5 × 1 k-point mesh which
yields well-converged results for 5 × 5 supercell.
To determine the adsorption energies of adatoms, we used
the binding energy definition: Eb = E(h-BP) + E(X) − E(h-BP
+X), where E(h-BP) is the total energy of pristine monolayer h-
BP, E(X) is the energy of single adatom in vacuum, and E(h-BP
+X) is the energy of the final optimized structure after
adsorption. Similarly, the substitution energy is calculated using
the definition Es = E(h-BP) + E(X) − E(h-BP+X) − E(B/P)
where E(h-BP+X) denotes the energy of the structure with an
impurity atom at SB/SP sites and E(B/P) refers to the single
atom energy of B or P that is substituted. The charge on each
atom after adsorption (substitution) is determined with Bader
analysis. After the self-consistent calculation, the excess charge
on the adatom, δ, is calculated by subtracting the Bader charge
of the adatom, ρA from the initial valence charge, ZA of the
atom at vacuum using the equation δ = ZA − ρA. Accordingly, δ
< 0 implies the excess electron charge that is localized at the
adatom site. To identify the nature of the variation in Eb, Es, and
δ (and also the band gap) with the dopant type, we consider an
extensive set of parameters: nearest neighbor bond-length and
atomic charge in the doped h-BP and electron negativity,
electron affinity, atomic radius, ionization energies, and elastic
constants of the doping elements.
Structural stability of the doped h-BP is analyzed by
investigating the vibrational modes of the resulting geometries.
The phonon dispersion and hence the vibrational modes of the
Figure 1. (a) Top (left) and side (right) views of the 5 × 5 supercell of
monolayer h-BP. Inset shows the total charge density distribution of a
hexagon in pristine h-BP. The adsorption and substitution sites are
indicated with H, Br, TP, TB, SP, and SB labels. The dopant, B, snd P
atoms are shown with red, green, and blue spheres, respectively. The
local atomic reconfigurations (perspective and side views) of adatom
adsorption (b) on TP, (c) on TB, (d) on H, and (e) on Br sites and
adatom substitution with (f) B and (g) P.
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doped h-BP are calculated using the PHONOPY package,50
and the force constants of the relaxed structures are determined
using linear response theory within the density functional
perturbation theory (DFPT)51,52 implemented in VASP.
■ RESULTS AND DISCUSSION
Atomic Structure and Energetics. We carry-out struc-
tural optimization calculations to find the lowest energy
configuration of h-BP and find that the system is planar with
an optimized lattice constant of 3.21 Å in agreement with
previous studies.18,36 Monolayer h-BP has σ bonds between B
and P atoms with 3-fold symmetries and sp2 hybridization
stabilizes the honeycomb structure. This electronic config-
uration leads to unoccupied pz orbital for B and lone pair of
electrons at pz orbital of P. The resulting off-balanced electron
distribution between B and P atoms with an additional electron
charge on P atoms can be seen from the charge density
isosurfaces in Figure 1a. Following the optimization of pristine
5 × 5 h-BP, we analyze the possible adsorption sites for group
III, IV, and V adatoms. We determine four possible sites on the
hexagonal sheet that are labeled with H, Br, TP, and TB
indicating hollow, bridge, top site on P, and top site on B
atoms. In Figure 1, the adsorption sites are shown together with
the representative final local atomic configurations. As it is
demonstrated in early studies,39 the adsorption of adatom can
push one of the lattice atoms downward which leads to a
dumbbell (DB) formation. The DB phase is studied in detail
for 2D group IV systems.39,53,54 Our results indicate that the
most favorable configuration for adsorption is the DB
formation on top of P (DPP) for all cases except for Al, Ga
and In. Contrary to other elements, Al, Ga, and In prefer
binding site H but the energy difference between H and TP is
not high (∼0.1 eV) indicating the possibility of DB formation
for these elements as well. We also find that not all adsorption
sites are stable for the considered elements. For instance, none
of the group IV elements can form a stable configuration at Br.
Similarly, B can not be adsorbed at H site and Sb does not bind
at the Br site. Both B and Sb move to the TP site without facing
an energy barrier. Interestingly, there are only two adsorption
sites for N: Br and TP. All other initial adsorption
configurations end up at the Br site with a substantial buckling
of h-BP after relaxation.
Taking possibility of buckling into account, we consider
adsorption of N as a representative system and checked
whether planar geometry of h-BP is preserved upon doping.
Carrying out linear response calculations with DFPT, we
calculated phonon dispersions of N adsorptions at Br and TP
sites. The results show that while the planar geometry with
formation of DB at TP is stable, the adsorption at Br resulting in
buckled geometry is not stable with the negative frequency
modes (Figure S1, Supporting Information). The calculations
are also repeated with larger supercell (7 × 7) for specific cases
in order to eliminate possible size constraint effects and ground
state configurations are confirmed.
The obtained structural, electronic, and magnetic properties
are summarized in Table 1. Upon interaction of group III−IV−
V elements, the bonding at the TP site substantially changes.
Mainly p-orbitals of both adatom and P contribute to new
covalent bonding formation. Introducing the fourth bond with
P in DB geometry rearranges the electronic configuration with
a tetragonal symmetry in the structure. Adatom forms weak 3-
fold coordinated bonds with the nearest host B atoms on-top of
the host P atom and have more sp3-like hybridization. The
resulting DBP formations for all cases are provided in Figure S2,
Supporting Information. Adatoms with a smaller atomic radius
(R) push the host P atom more. Even there, C and N almost
substitute P and form nearly planar bonds with B atoms. The
variation of bonding distance (dnn where nn represents the
bonding between the atom and the nearest neighbor atoms)
and the distance between the adatom and the host P atom (dP)
are also related to R and both increase when going down in a
group. On the other hand dnn and dP do not vary along a row,
which indicates that bonding geometry is correlated with the
size and not directly with the valency.
The net atomic charges (δ) on each adatom after adsorption
are given in Table 1. While C, N, P, and As accept electrons
from h-BP, the other elements donate electrons. The variation
of δ within each group is not simple and depends on the R,
electron affinity (κ) and electron negativity (χ) as shown in
Figure 2b.
Finally, our results indicate that while dnn increases when
moving down in a group, the adsorption energies, Eb decrease.
This is the expected weakening in binding with the increase of
the bond length. Our analysis shows that the variation of Eb is
highly correlated with dnn and χ of the dopants as illustrated in
Figure 2a. The plot of χ/dnn and Eb with respect to elements in
a group follow a similar trend.
Table 1. Structural, Electronic, and Magnetic Properties of h-BP upon Adsorption of Adatomsa
adatom site dnn (Å) dP (Å) Eb (eV) Eg(ML) (eV) Eg(IM) (eV) ΔE (meV) μ (μB) δ
B TP 1.75 1.65 3.57 1.13 0.69 10 1.00 0.11
Al H 2.69 2.80 1.90 1.18 0.0 ∼0 0.00 0.75
Ga H 2.76 2.83 1.80 1.19 0.0 ∼0 0.00 0.43
In H 2.94 3.00 1.54 1.21 0.0 ∼0 0.00 0.57
C TP 1.54 1.86 4.82 1.10 0.83 86 2.02 −1.97
Si TP 2.07 2.29 2.94 1.13 0.67 31 1.82 0.87
Ge TP 2.25 2.41 2.33 1.09 0.50 56 1.85 0.45
Sn TP 2.48 2.60 1.92 1.09 0.34 36 1.88 0.60
N TP 1.55 1.89 2.56 1.39 1.14 15 1.09 −1.99
P TP 1.95 2.23 2.36 1.27 0.82 16 1.10 −0.12
As TP 2.11 2.36 1.70 1.20 0.74 16 1.10 −1.16
Sb TP 2.34 2.54 1.21 1.15 0.64 18 1.10 0.50
aAdatom type, site, bonding distances to nearest neighbor B and P atoms (dnn and dP), binding energies (Eb), band gaps (Eg(ML) and Eg(IM)), the
energy differences between spin-polarized and unpolarized calculations (ΔE), magnetic moment per unitcell (μB), and the atomic charges (δ) are
tabulated.
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To provide a comprehensive analysis on doping of h-BP, we
also investigate substitutions of B and P atoms with all the
considered elements. Substitutions in general do not result in
any deformation and the planar geometry is preserved. The
typical relaxed geometries upon substitutions at lattice sites SB
of B and SP of P atoms are shown in Figure 1, parts f and g. The
lattice distortions upon substitutions are local and only the
bond distances between the impurities and nearby atoms
change. When the substitution energies, ES are examined (in
Table 2), only the substitutions of P with C and N are found
exothermic reactions and all other cases requires energy. It is
likely that the substitutions of P atoms can take place
spontaneously upon the existence of C and N atoms in the
vicinity of h-BP. For all other elements, ES is negative and its
absolute value increases for both B and P substitutions when
moving down in each group. Similar to the adsorption case,
variation of ES is correlated with dnn (or R) of each element.
The Bader charge analyses reveal that variation of δ on dopants
are directly proportional with χ and inversely proportional with
R of the substitute elements. The plot of the trends are
provided in the Figure S3, Supporting Information.
Electronic and Magnetic Properties. In this section, the
electronic and magnetic properties of doped h-BP are
investigated for both the adsorption and substitution cases.
Adsorption in general leads to spin-polarized impurity states
which are mainly contributed by p-orbitals of the atoms in
impurity region (IM). While IM consists of the dopant and its
first and second nearest neighbors, the rest of the h-BP lattice is
referred monolayer region (ML) in present study. In Figure 3,
we present the band structures of h-BP upon adsorption with
group III−IV−V elements together with their total (DOS) and
partial (PDOS) density of states. In PDOS, the contributions
from s and p orbitals of the IM are taken into account. The
bands, DOS, and PDOS are colored accordingly. If the majority
of the contributions to a band is from IM, the same color code
is used for that band and the PDOS. The band gap of h-BP
(Eg(ML)) is defined as the difference between the valence band
maximum (VBM) and conduction band minimum (CBM) and
is shown with a background color in Figure 3 for better
illustration. The band gap of the IM region (Eg(IM)) is defined
as the difference between the average energy of localized
impurity bands and CBM.55
When electronic band structures are classified by groups, we
reveal that group III elements except B, prefer binding to the H
site, and the ground state configuration is metallic without spin-
polarized impurity states. Al, Ga, and In donate charge to the h-
BP, resulting in a positive δ charge on adsorbed atoms (Table
1), but the transferred charge is not localized in the IM region
and disperse along the h-BP. Al, Ga, and In doping transforms
the semiconducting system into metal (Figure 3). This
characteristic change can be attributed to relatively low
electronegativity χ of these three elements which are on
average 18% smaller than the χ of pristine h-BP. While these
adatoms prefer binding at H site, the energy difference between
this site and TP site is considerably small (∼0.1 eV), so we
analyze the band structures for the TP configuration that forms
DB phase as well. For both H and TP cases, the electronic
structures have similar profiles and the systems have metallic
character. The band structures belonging to DB geometry are
presented in Figure S4, Supporting Information. The remaining
group III element, B, favors the TP site to bind and forms an
asymmetric DB upon adsorption. The bonds between adatom
B and the host B atoms have sp2-like hybridization due to an in-
plane settlement. In this arrangement, host P atom, which is
pushed down to form DB phase has sp3-like hybridization and
have 4-fold bonding with nearest four B atoms including the
adsorbed one. Three valence electrons of dopant involve in
bonding and the resulting system is a semiconductor with four
localized and spin-polarized bands belonging to IM states. Only
one of the spin-up band is occupied resulting in 1 μ0 net
magnetic moment.
All group IV elements prefer the TP site and form DB
geometry. The band structures are spin-polarized with localized
IM states which is a characteristic feature of DB formation.39
This is due to the occupation and hybridization of p orbitals in
the structure upon adsorption. Differing from the case for
group III elements, four valence electron of adatom take part in
bonding. All spin-up IM states are filled and Fermi level splits
the spin up and down IM states resulting in ∼2 μ0 magnetic
moment. Adsorption of group IV elements not only induces
impurity states but also modifies the band structure of pristine
h-BP. The band gap of bare h-BP (Eg(ML)) increases from 0.9
Figure 2. (a) Variation of binding energy (Eb) and (b) the atomic
charge (δ) with respect to group III−IV−V elements. The trends are
compared with the variation of atomic radius (R), bonding distance
(dnn), electron affinity (κ) and electronegativity (χ).
Table 2. Substitution Energies, ES, Band Gaps, Eg(SX) (X = P/B) and Eg(ML), and Atomic Charges (δ) for h-BP upon
Substitutions of P and B with Selected Elements
substitute property Al Ga In C Si Ge Sn N As Sb
B Es (eV) −4.07 −4.69 −7.91 −0.46 −4.16 −5.67 −7.74 −3.67 −7.34 −9.29
Eg(ML) (eV) 0.93 0.92 0.91 1.31 1.31 1.31 1.29 1.12 1.10 1.07
Eg(SB) (eV) 0.93 0.92 0.91 0.27 − − − 0.69 0.26 0.14
δ 2.01 0.69 0.65 −1.53 1.82 0.48 0.78 −1.69 −0.06 0.34
P Es (eV) −2.70 −3.34 −5.81 3.00 −0.71 −1.97 −3.84 2.13 −1.40 −3.28
Eg(ML) (eV) 1.16 1.17 1.04 0.97 1.22 1.25 1.25 0.99 0.89 0.83
Eg(SP) (eV) 0.74 0.72 0.66 − 0.65 0.71 0.60 0.99 0.89 0.83
δ 1.99 0.54 0.48 −1.96 1.68 0.49 0.50 −2.00 −0.17 0.39
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to ∼1.1 eV upon doping and this increase does not depend on
the dopant type. On the other hand IM states shift up to CBM,
decreasing the Eg(IM) when moving down in the group as
shown in Figure 6. Interestingly for C adsorption, occupied
spin-up impurity states lie inside the valence band and p orbital
contributions of IM coincide with the states of h-BP at VBM.
The impurity states clearly overlap with the host h-BP states
just below VBM and indicate that the IM states of C adsorption
have a significant nature of resonance impurity states (or virtual
bound states).56−58 While the states have the origin of
hybridization between p orbitals of dopant and host atoms,
they do not possess a deep and shallow impurity states but
provide impurity resonance states of p-type doping. This may
increase the overall hole concentration at the local impurity
region caused by C doping. The electrons resonate at similar
energies at electronic states of VBM and dopant which may
lead the electrons to act like nearly free-electrons. These
features have noticeable impact on the energy and charge
Figure 3. Electronic band structure, partial density of states (PDOS) of impurity region (IM), and total density of states (DOS) of h-BP upon
adsorption of group III−IV−V adatom.
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transfers and may enhance thermoelectric properties of the
material.57
Similar to the case for group IV, all adatoms in group V
prefer the TP site forming DB geometry, and spin-polarized IM
states are obtained. As there are five valence electrons, all spin-
up IM states are occupied and Fermi level splits the spin-down
IM states resulting in ∼1 μ0 magnetic moment. Differing from
the other groups, breaking of the sp2 bonds in favor of sp3-like
hybridization for tetragonal symmetry initiates an additional
impurity level closer to the CBM because of the occupation at
pz orbital of P host and adsorbent. Eg(ML) increases to 1.39 eV
upon adsorption of N but decreases gradually to 1.15 eV for the
case of Sb. Following a similar trend in adsorption of group III
elements, Eg(IM) also decreases when moving down in the
group. Similar to the impurity states of C doping, As and Sb
show impurity band states overlapping with the states just
below VBM. However, in these two cases, the states may not
Figure 4. Electronic band structure, partial density of states (PDOS) of impurity region (IM), and total density of states (DOS) of h-BP upon
substitution of B atom with group III−IV−V adatoms.
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have a resonant origin since the PDOS of the impurity states do
not coincide with DOS of host h-BP.
When compared, for all groups, the impurity originated band
gaps are highly correlated with the structural changes which are
driven with the bonding distances and also with the differences
in χ between the substrate and adatoms. As shown in Figure 6a,
the change of Eg(IM) upon adsorption and the variation of χ/
dnn with respect to the type of elements in each group follow a
similar pattern. Similar analysis can be performed for each row,
and it is found that Eg(IM) increases when moving along a row
(given in Table 1).
Finally, in Table 1, we present the magnetization, μ(μβ) of
the supercell. The magnetic moment is ∼1 μ0 for group III
(only for B), group V elements and ∼2 μ0 for group IV
elements correlated with the occupancy of impurity states.
However, when the energy differences between spin polarized
and unpolarized states (ΔEun−sp) are calculated, it is revealed
that ΔE is very small (below 100 meV) which indicates that the
Figure 5. Electronic band structure, partial density of states (PDOS) of impurity region (IM), and total density of states (DOS) of h-BP upon
substitution of P atom with group III−IV−V adatoms.
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spin polarization is likely to be observed only at low
temperatures.
For substitution, we considered the cases where B (or P) is
replaced by group III−IV−V elements excluding the sub-
stitution of B with P or vice versa. The resulting band structures
are presented in Figure 4 and Figure 5 and band gaps are
reported in Table 2. The band structure of pristine h-BP with
the same supercell size is also included to provide a complete
comparison.
When B atom is substituted with the selected elements, we
find the following results: substitutions of B with group III
elements do not introduce additional electrons/holes hence no
impurity states are generated. Moreover, changing the element
type has only minute effect on the valence and conduction
bands and Eg(ML) of pristine h-BP is preserved. On the other
hand substitutions with group IV provide an additional electron
and the systems become metallic except for C. For the cases of
Si, Ge, and Sn, new bands arise as shown in Figure 4 but PDOS
analyses indicate that these bands do not only have impurity
origin and IM states are dispersive. Accordingly, n-type
character can not be justified. On the other hand, for the
case of C, spin-polarized IM states below CBM are obtained
and the system becomes an n-type semiconductor. This can be
attributed to the size match of C with B (bond distances are
1.54 Å for C and 1.56 Å for B, respectively) resulting in no local
deformation, which can alters bonding and hence the electronic
states of IM. In addition, 2p orbitals hybridize with 3p-orbitals
of P in both cases. It should be noted that energy difference
between spin-polarized and unpolarized states is below 10 meV
indicating a nonmagnetic profile at ambient conditions. For
group V elements, the systems become n-type semiconductor
with generation of two IM states. Except for N, both IM states
are below CBM but only one of them is occupied. This leads to
n-type doping that is originated from the s-p hybridization in
IM states. For the case of N, the PDOS profile in Figure 4
indicates a possible formation of resonance impurity states at
conduction band with more delocalized features of IM.56−58
Similar to the impurity states of C adsorption below VBM
(Figure 3), here N substitution leads to resonance impurity
states at CBM that coincide with the electronic states of
substrate h-BP. In addition, the impurity levels are separated
and the state closer to Fermi level shifts toward the valence
band because of the high χ of N. As a summary, n-type doping
with varying band gap can be obtained for substitutions of B
with C, N, As and Sb. The variation of Eg(IM) is directly
proportional with χ and inversely proportional with R (or dnn)
for all cases similar to adsorption and the trends are shown in
Figure 6b.
An overall analysis on the band structures of the doped h-BP
upon the substitution of P portrays the following results (in
Figure 5): Substitution of P with group III elements generates
occupied IM levels in valence band and also additional
unoccupied level below CBM. The occupied IM levels in
valence band show deep defect states for Al and Ga with the
majority of contribution to PDOS from the impurity
states.56−58 For the case of In, however, the IM states coincide
with the states of h-BP at valence band edge. The p orbital
hybridization of In and nearest B atoms in IM and localized
states of IM at valence band edge suggests that these states are
resonance impurity states of p-type doping rather than deep
defect states as in Al and Ga. For group IV elements, occupied
and localized IM levels are obtained above VBM except for C.
IM levels shift up to CBM when moving down in the group.
Interestingly, addition of C makes system metallic and no IM
states are generated. This can be linked with high χ of C.
Similar to the substitution of B with C, the substitution of P
with Si results in spin-polarized IM states and p-type doping
character is obtained. This is due to the matching bond distance
(1.86 Å for Si and 1.87 Å for P) which preserves the symmetry
of hexagonal BP structure with small structural distortions while
providing additional hole at the p orbitals. For the case group V
elements, there are no additional holes/electrons, thus no IM
states are generated. Eg(ML) increases and becomes 0.99 eV for
the case of N and then decreases gradually to 0.83 eV for Sb.
It can be concluded that, for both substitution of B and P
cases, Eg(IM) decreases in parallel with the change of χ and
with increase of the dnn of the dopant when moving down in a
group. These trends are presented in Figure 6 parts b and c.
As the band gaps are underestimated within standard GGA
calculations, we recalculated band structures with hybrid
functional method for selected cases to check whether our
conclusions are valid. The obtained results for Ga, Ge, and As
adsorptions on h-BP are presented in Figure S5, Supporting
Information. To sum up, HSE06 results confirm the metallic
state for Ga and thus for group III elements (except B). For Ge,
characteristic spin-up and spin-down DB impurity states are
obtained but they are clearly separated. The occupied states are
settled at Fermi level while the unoccupied spin down states
shift upward. Both Eg(ML) and Eg(IM) increase and become
1.52 and 0.71 eV, respectively. The electronic structure of As
obtained with HSE06 calculations shows an additional feature.
When HSE correction is included, the degenerate spin
polarized impurity states split at Fermi level. This can be
explained by the Jahn−Teller distortion59 around the impurity
atom. Since As has more sp3-like hybridization bonding in h-BP
upon adsorption, p orbital states do not have 3-fold degeneracy
of hexagonal structure. In this case, the “spatial symmetry
breaking”59−61 is observed and levels are separated.
■ CONCLUSION
In conclusion, we investigated the structural and electronic
properties of h-BP doped with selected atoms from group III−
IV−V. We found that all elements except Al, Ga and In favor
on top P atom as adsorption site and exothermically form DB
Figure 6. Variation of band gaps (a) Eg(DB), (b) Eg(SB), and (c)
Eg(SP) with respect to respect to group III−IV−V dopants. The trends
are compared with the variation of bonding distance (dnn) and
electronegativity (χ).
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geometry. Al, Ga and In elements bound to hollow site,
however the energy difference between the lowest energy
configuration and TP is very small suggesting the possibility of
DB formation for those cases as well. Upon adsorption,
semiconductor h-BP can become a metal (with group III) or
spin-polarized semiconductor with varying band gap. The
substitution of B or P with group III−IV−V elements can also
modify the electronic structure without changing the planar
structure. The system can be n- (B substituted with C, N, As,
Sb) or p-type (P substituted with In, Si, Ge, Sb) semiconductor
for suitable cases. Doping can further generate impurity
resonant states. When the substitution energies are examined,
only the substitutions of P with C and N are found exothermic
reactions, thus can form BN and BC networks in h-BP and all
other cases requires energy. Our results indicate that the
modifications in electronic structure, especially the variation of
band gap upon adsorption/substitution, are not only correlated
with valency of adatoms but also depend on the size of dopant
and final geometry after doping. Possibility of functionalization
of h-BP by doping, which allows tuning electronic structure
substantially, would be useful for highly desired nanoscale
electronic and optical applications. With the tuning of its
narrow band gap, h-BP can be one of the candidate 2D
materials for various applications such as FETs at nanoscales,
thermoelectric materials, and IR optical nanodevices.
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